ABSTRACT Silicon photonic (SiPh) technology applied for optical communication systems and network-on-chips have attracted many attentions. We propose and demonstrate the use of a 4 × 4 modedivision-multiplexing (MDM) -multiplexer (MUX) and demultiplexer (DEMUX) to provide 200-Gbit/s orthogonal-frequency-division-multiplexing (OFDM) per wavelength signal transmission. The MDM MUX and DEMUX are implemented by asymmetric directional couplers (ADCs), which are constructed by an access waveguide for the transmission of fundamental mode; and the bus waveguide for the transmission of higher order modes. When phase matching condition is satisfied between the access waveguide and bus waveguide, mode conversion can be achieved. Here, 47 wavelengths are successfully mode multiplexed and de-multiplexed achieving a total transmission capacity 9.4 Tbit/s. Numerically study and analysis of the SiPh MDM MUX/DEMUX are presented, and the experimental evaluations are performed.
I. INTRODUCTION
Silicon photonic (SiPh) technology applied for optical communication systems and network-on-chip has attracted many attentions [1] - [3] . SiPh can employ the complementary metal oxide semiconductor (CMOS) fabrication technologies to produce high performance photonic devices cost effectively. SiPh devices can integrate with electronic devices at small footprint. Recently, different high performance SiPh devices have been demonstrated [4] - [12] . To meet the increasing bandwidth demands, advanced and spectral efficient modulation formats, such as 4-level pulse amplitude modulation (PAM4) [13] , [14] and orthogonal frequency division multiplexing (OFDM) signal [15] , [16] have been used to increase the spectral efficiency. Multiplexing techniques, such as wavelength division multiplexing (WDM), polarThe associate editor coordinating the review of this manuscript and approving it for publication was San-Liang Lee.
ization division multiplexing (PolM), and space division multiplexing (SDM) can also be used to enhance the total transmission capacity [17] , [18] .
Among all these multiplexing schemes, mode-division multiplexing (MDM) using different modes to carry different data in a multimode bus waveguide can easily and effectively enhance the transmission capacity of optical interconnects and optical system-on-chip networks [19] . Recently, an integrated silicon multi-functional MDM system has been reported [20] . The MDM multiplexer (MUX) and de-multiplexer (DEMUX) are implemented by asymmetric directional couplers (ADCs). The ADC is constructed by an access waveguide and a bus waveguide. The access waveguide is for the transmission of fundamental mode; while the bus waveguide (which is wider in width) is for the transmission of higher order modes. The mode conversion between these two waveguides can be achieved when phase matching condition is satisfied.
In this work, we report a 4 × 4 MDM MUX and DEMUX to provide about 200 Gbit/s per wavelength signal transmission. Analytical steps to illustrate the operation mechanism of the mode MUX and DEMUX are presented. Numerically analyses of the SiPh MDM MUX and DEMUX are provided to show the light propagations along the proposed MDM MUX and DEMUX, together with the mode profiles between the conversion from transverseelectric (TE 0 ) mode to the TE 1 , TE 2 , and TE 3 modes; and vice versa. Our main contribution is to experimentally evaluate the MDM MUX and DEMUX. 47 wavelength channels in C-band from 1527.99 nm to 1564.68 nm are successfully MDM multiplexed and de-multiplexed in the MDM device, supporting a total data rate of 9.4 Tbit/s and satisfying 7% forward-error-correction (FEC) requirement.
II. SIMULATION ANALYSIS
The MDM MUX and DEMUX are realized by using ADC [19] . Figs. 1(a) and 1(b) show the schematics of the cross-section of the access waveguide and the top view of the ADC respectively. The ADC is constructed by an access waveguide and a bus waveguide. The access waveguide is for the transmission of fundamental mode; while the bus waveguide (which is wider in width) is for the transmission of higher order modes. When phase matching condition is achieved at specific width of access waveguide (w a ), bus waveguide (w i ), gap separation (Gap), and coupling length (L c ), evanescent coupling can be achieved and mode MUX and DEMUX can occur. all the access waveguides (w a = 0.450 µm). The width for the i th section of the bus waveguide is determined according to the phase-matching condition as shown in Eq. (1) .
where n eff 0 (w a ) and n eff (w i ) are the effective indices of the fundamental mode of the narrow access waveguide and the i th higher-order mode of the i th section (w i ) of the bus waveguide, respectively. As discussed, phase matching condition can be achieved for different waveguide widths if the effective refractive indices are the same; hence mode can be up-converted or down-converted between these waveguides. By selecting the n eff = 2.352; the width of the access waveguide is w a = 0.450 µm (TE 0 ); and the widths of the bus waveguide allowing mode exchange are w 1 = 0.923 µm (TE 1 ), w 2 = 1.411 µm (TE 2 ) and w 3 = 1.896 µm (TE 3 ), as illustrated in Fig. 2 . The schematic of the 4 × 4 SiPh MDM MUX/DEMUX is shown in Fig. 3(a) . The narrower waveguide is the access waveguide supporting the fundamental TE 0 mode. The MDM Channel 1 (MDM-CH1) does not perform any mode up-conversion or down-conversion. The wider waveguide is the bus waveguide supporting higher order. MDM Channel 2 (MDM-CH2), MDM Channel 3 (MDM-CH3) and MDM Channel 4 (MDM-CH4) support the TE 0 mode to be up-converted to TE 1 , TE 2 , and TE 3 modes respectively; and vice versa. The photograph of the MDM MUX/DEMUX is shown in Fig. 3(b) . It was fabricated using silicon-oninsulator (SOI) wafer by IMEC. The SOI has a 220 nm top silicon layer and a 2 µm buried oxide layer.
By sweeping different design parameters based on the FDTD simulations, the gap separation Gap = 0.22 µm, and the coupling length L c for the MDM-CH2, MDM-CH3 and MDM-CH4 are 39.9 µm, 43.0 µm, and 38.2 µm respectively. Figs. 4(a) -4(f) show the light propagation along our proposed MDM MUX and DEMUX using FDTD simulations. The mode profiles between the conversion from TE 0 mode to the TE 1 , TE 2 , and TE 3 modes; and vice versa are also included in the insets of Figs. 4(a) -4(f). We can clearly observe that the TE 0 at the narrower access waveguide can be successfully converted to TE 1 , TE 2 and TE 2 respectively, as shown in Fig. 4(a) , 4(c) and 4(e). Besides, as shown in Fig. 4(b) , 4(d) and 4(f), we can also observe that the TE 1 , TE 2 and TE 2 respectively in the bus waveguides can be successfully converted to TE 0 mode. 
III. EXPERIMENT, RESULTS AND DISCUSSION
In the experiment, the fundamental TE 0 modes of four MDM channels are coupled into the MDM MUX via MDM-CH1 in , MDM-CH2 in , MDM-CH3 in and MDM-CH4 in as shown in Fig. 3(a) . The TE 0 mode in MDM-CH1 in will be preserved as TE 0 mode when measured at the output of MDM-CH1 out . The TE 0 modes in MDM-CH2, MDM-CH3 and MDM-CH4 will be converted to TE 1 mode, TE 2 mode and TE 3 mode respectively at the MUX. After the signal transmission in the bus waveguide, at the DEMUX, the TE 1 mode, TE 2 mode and TE 3 mode will be converted back to TE 0 modes in MDM-CH2 out , MDM-CH3 out and MDM-CH4 out respectively. The fundamental mode optical signals are launched into the MDM via focusing grating couplers (FGCs). The FGC has the coupling loss of ∼3dB. The insertion losses via MDM-CH1, MDM-CH2, MDM-CH3 and MDM-CH4are −7.6dB, −13.2dB, −17.1dB and −18.4dB (including the in-and-out FGC) respectively. It is difficult to estimate the mode conversion efficiency since the measured insertion losses include both mode conversion losses in the MUX and DEMUX, FGC insertion loss, and waveguide propagation loss. Fig.6 shows the architecture of the dense-WDM (DWDM) OFDM signal MDM multiplexed and de-multiplexed using the SiPh on-chip MDM VOLUME 7, 2019 At the receiver (Rx), the de-multiplexed OFDM signal is amplified by an EDFA, filtered by a tunable bandpass fiber optical filter (TBF, Newport TBF-1550-1.0), and received by a photodiode (PD, u2t XPDV2140R). After the opticalto-electrical (OE) conversion, the electrical OFDM signal is detected by a real-time oscilloscope (RTO, Teledyne LeCroy SDA 816Zi-B). The RTO has a 16 GHz analog bandwidth and 80 GS/s sample rate. To evaluate the signal performance, we measure the signal-to-noise ratio (SNR) of each OFDM subcarrier and determine the bit error ration (BER) based on the error vector magnitude (EVM). In order to maximize the data rates and simultaneously satisfying the 7% pre-FEC threshold (BER < 3.8 × 10 −3 ), bit-loading algorithm is used depending on the measured SNR of different OFDM subcarriers. Scaling up to higher MDM channels is possible. However, the mode MUX and DEMUX should satisfy the mode matching condition with the same waveguide effective index as indicated in Fig. 2 . When wider waveguide width is used to support more modes, the difference in effective indices of the higher order modes will become smaller. Hence, a small change in waveguide width due to fabrication error may result in high mode crosstalk when the number of MDM channel is large. Figs. 7(a)-(d) shows the measured mode crosstalk at different MDM output ports when the optical signal is launched to the input ports of MDM-CH1, MDM-CH2, MDM-CH3 and MDM-CH4 respectively. The mode crosstalk of about −20 dB in the 40 nm wavelength band from 1520 to 1560 nm for most cases. The highest mode crosstalk of −10 dB was measured at MDM-CH1 output when the optical signal is launched at the MDM-CH2 input at wavelength of 1550 nm. We believe that this may due to the waveguide non-uniformity during the fabrication process.
The technique of bit-loading is implemented based on the received SNR to overcome the system frequency selective fading and maximize the data rate. Figs. 8(a) -8(d) show the SNRs of the 170 OFDM subcarriers and its corresponding bit-loading at different MDM output ports using one arbitrarily selected wavelength channel of 1550.12 nm (corresponding to WDM 29 ). It can be noticed that the SNR decreases at some subcarriers at lower frequencies due to the response for the electrical amplifier. The data rate of this wavelength channel is 49.81 Gbit/s. As also shown in Figs. 8(a) -8(d Fig. 11 . It can be revealed that all the DWDM channels can satisfy the 7% pre-FEC threshold at the received optical power of −18 dBm except for MDM-CH4. It needs higher optical power of −16 dBm. As shown in Fig. 8 , the SNR of the same WDM channel differs for the four modes in MDM MUX and DEMUX. This is due to different mode crosstalk for four MDM channels as shown in Fig. 7(a) -7(d) . Hence, the BER performances shown in Fig. 10 are different. The BER performances for all the 47 DWDM wavelengths from 1527.99 nm to 1564.68 nm at the output of MDM 1 to MDM 4 are shown in Figs. 11(a) -11(d) respectively. We can observe that all wavelength channels from the wavelengths 1527.99 nm to 1564.68 nm can satisfy the 7% pre-FEC requirement. The variation of the BER performances at different wavelengths could be due to the mode crosstalk form other MDM channels.
IV. CONCLUSION
SiPh technology has attracted many attentions recently. To meet the increasing bandwidth demands of optical networks and optical interconnects, spectral efficient OFDM modulation and advanced multiplexing technique of MDM can be used. Here, we reported a 4 × 4 MDM MUX and DEMUX to provide 200 Gbit/s per wavelength signal transmission. The MDM MUX and DEMUX are implemented by ADCs, which are constructed by an access waveguide for the transmission of fundamental mode; and the bus waveguide for the transmission of higher order modes. In this work, 47 wavelength channels in C-band from 1527.99 nm to 1564.68 nm were experimentally evaluated to MDM multiplexed and de-multiplexed in the SiPh network-on-chip, VOLUME 7, 2019 supporting a total data rate of 9.4 Tbit/s and satisfying 7% FEC threshold. Experimental results showed that all DWDM MDM multiplexed and de-multiplexed channels can satisfy the 7% pre-FEC threshold at the received optical power of −18 dBm except for MDM-CH4. It needed higher optical power of −16 dBm to achieve FEC. Numerically analysis of the SiPh MDM MUX/DEMUX was also presented.
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